Recessive Stargardt disease (STGD; OMIM: 248200) is inherited in an autosomal recessive manner and is caused by mutations in the *ABCA4* gene, which codes for the photoreceptor-specific adenosine triphosphatase (ATP)-binding cassette transporter and was first identified as causative in 1997.[@bib1] With an estimated prevalence of 1 in 10,000, STGD is the most common retinal dystrophy with over 1000 pathogenic variants identified to date.[@bib1]^--^[@bib3] The typical presentation involves yellow, pisciform flecks along with macular atrophy that leads to central vision loss.[@bib3]^--^[@bib5] Nevertheless, STGD exhibits extensive clinical heterogeneity, readily apparent in fundus imaging and presentation. For example, patients can present with disease onset early in adulthood (adult-onset) or late in adulthood (late-onset), both of which are usually associated with milder disease, whereas early-onset (early or before teenage years) is associated with more severe disease.[@bib4]^,^[@bib6]^--^[@bib8]

Imaging of the posterior pole has become an essential tool for the clinician in the diagnosis and monitoring of retinal dystrophies, including STGD. Short-wavelength fundus autofluorescence (SW-AF) is an important imaging modality for STGD, as the areas of retinal pigment epithelium (RPE) atrophy that characterize the disease are readily observed as areas of hypoautofluorescence.[@bib9]^,^[@bib10] Recently, optical coherence tomography angiography (OCTA) has been increasingly used to analyze the retinal and choroidal vasculatures in the study of retinal dystrophies.[@bib5]^,^[@bib11]^--^[@bib15] OCTA uses streaming blood flow to create an image showing the retinal vasculature. Individual choriocapillaris (CC) vessels are not visualized, but rather appear as homogeneous with areas of brightness representing blood flow.[@bib16] As compared with fluorescein (FA) and indocyanine green angiography (ICGA), the gold standard for evaluating the retinal and choroidal vasculature, respectively, OCTA is a noninvasive imaging modality that provides faster and high-resolution imaging, avoiding the use of a dye and its potential complications.[@bib17]^,^[@bib18] Furthermore, FA and ICGA are not able to image the deep layers of vasculature well, such as the deep capillary plexuses or CC, whereas OCTA can provide high-contrast imaging of these layers.[@bib17]^,^[@bib18]

In this study, we evaluated the stages of CC atrophy in STGD and compared them to the progression of RPE impairment by using both OCTA and SW-AF imaging.

Methods {#sec2}
=======

Patients {#sec2-1}
--------

This study is adherent to the tenets of the Declaration of Helsinki. The study procedures were defined, and patient consent obtained as outlined by the protocol \#AAAI9906 approved by the institutional review board at Columbia University Medical Center. None of the data presented in this study are identifiable to individual patients, including genetic testing results and imaging. We conducted a retrospective review of patients with a diagnosis of STGD at the Harkness Eye Institute. The clinical diagnosis was made by a retinal dystrophies specialist (SHT) based on presenting symptoms, clinical imaging, and/or genetic testing. The inclusion criteria for this study were the diagnosis of STGD confirmed by genetic testing (two pathogenic variants in *ABCA4*) and at least one visit to our clinic during which SW-AF and OCTA imaging were both obtained. Exclusion criteria precluded those patients without SW-AF or OCTA imaging or those whose lesion size extended beyond the area of image capture by either modality (55° field of view for SW-AF and 8 × 8 mm for OCTA). Furthermore, retinal disease caused by other genes, such as *CRX* and *PRPH2*, can phenotypically mimic STGD.[@bib19] Thus given that unequivocal diagnosis of STGD is established when biallelic variants in *ABCA4* are documented, patients with only a single identified possibly pathogenic variant were excluded from this study. A total of 55 patients qualified for this study from our patient registry.

Clinical Examination {#sec2-2}
--------------------

Each patient underwent a full ophthalmic examination, including a slit-lamp and dilated funduscopic examination, spectral-domain optical coherence tomography (SD-OCT), SW-AF (488 nm excitation), and OCTA. Examination and imaging across all modalities were conducted after pupillary dilation (\>7 mm) with phenylephrine hydrochloride (2.5%) and tropicamide (1%). SW-AF images were acquired with the Spectralis HRA+OCT (Heidelberg Engineering, Heidelberg, Germany), whereas OCTA images were acquired using the Zeiss AngioPlex Cirrus HD-OCT 5000 (Zeiss Meditec, Inc., Dublin, CA, USA). Images of the CC via OCTA were obtained by automated segmentation of full-thickness retina scans into different vascular layers performed by the OCTA machine.

Image and Statistical Analyses {#sec2-3}
------------------------------

The OCTA images for each of the 55 patients were analyzed by two independent graders (RJ and AC). A subset of 26 patients presented with well-demarcated areas of CC atrophy on OCTA imaging. These patients were further analyzed quantitatively by measuring these areas of CC atrophy and comparing them to the areas of RPE atrophy in SW-AF imaging. Both eyes of each patient were analyzed. Measurements of RPE atrophy on SW-AF images were performed using the built-in measurement tool in the Spectralis HRA+OCT software, whereas CC atrophy on OCTA imaging was measured by using the software ImageJ 1.8.0 (National Institutes of Health, Bethesda, MD, USA).[@bib20] The same SW-AF/OCTA image was analyzed twice by two independent graders (RJ and AC) to mitigate bias and error in measurement. The Pearson correlation was used to analyze the measurement agreement by the two graders (SW-AF: r = 0.999, *P* \< 0.001; OCTA: r = 0.999, *P* \< 0.001). Furthermore, Bland-Altman analyses were performed to further characterize measurement agreement and reproducibility ([Supplementary Fig. S1](#iovs-61-4-13_s002){ref-type="supplementary-material"}). Given the high level of correlation and agreement of the measurements between the two graders, the average of the two values was calculated and used for subsequent analyses. A paired Student\'s *t*-test was used to test for a difference in the size of RPE and CC atrophy between SW-AF and OCTA imaging, respectively. From this subset of patients, 12 presented at 2 separate clinic visits in which both sets of images were acquired and analyses of disease progression were performed. The rate of progression, defined as the difference in lesion size between the first and subsequent visit divided by the length of follow-up, was calculated for each imaging modality. The statistical analyses were performed using the Stata 12.1 software (StataCorp, College Station, TX, USA). Bland-Altman plots and analyses were performed using GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA).

Results {#sec3}
=======

Fifty-five patients with genetically confirmed STGD were included in the study. The average age of the cohort was 35 ± 18 years (mean ± SD). Genetic screening identified biallelic variants for all patients ([Supplementary Table S1](#iovs-61-4-13_s001){ref-type="supplementary-material"}). In addition to normal CC, we observed three different phenotypes of CC on OCTA imaging: an area of bright yet intact macular CC, regions of vascular rarefaction and incomplete CC atrophy in an area of bright macular CC, and areas of extensive CC atrophy.

Eight patients (15%) included in group 1 presented with no lesions on OCTA imaging. Instead the CC were homogeneous in appearance, similar to healthy subjects ([Fig. 1](#fig1){ref-type="fig"}). When analyzing the SW-AF images, minimal changes were observed. All these patients exhibited a small, nascent region of macular hypoautofluorescence (hypoAF), with a surrounding ring of hyperautofluorescence (hyperAF), resembling a bull\'s eye phenotype. Fundoscopy on these patients was unremarkable. One patient presented with yellow flecks on fundoscopy, which were hyperAF on SW-AF, but nascent macular hypoAF and healthy CC were also present ([Fig. 1](#fig1){ref-type="fig"}D).

![Patients with early changes on SW-AF due to recessive STGD but healthy CC (group 1). Color fundus photography, SW-AF, and OCTA imaging of patients **A--D**. These patients present with a small area of macular hypoAF with a surrounding ring of hyperAF, both early changes associated with recessive STGD. Nevertheless, the CC appear healthy with no changes on OCTA imaging. Fundoscopy is unremarkable for patients **A--C**. For patient **D**, hyperAF flecks on SW-AF and *yellow* flecks on fundoscopy are observed, both characteristic of STGD.](iovs-61-4-13-f001){#fig1}

Eleven patients (20%) included in group 2 presented with an area of homogeneous yet bright CC in association with the macula ([Figs. 2](#fig2){ref-type="fig"}A--D), whereas 10 patients (18%) in group 3 presented with regions of vascular rarefaction and incomplete atrophy within the area of bright macular CC ([Figs. 2](#fig2){ref-type="fig"}E--H). All patients in both groups presented with obvious macular RPE atrophy, observed as hypoAF areas on SW-AF. Nevertheless, within both groups the degree of macular RPE atrophy varied and ranged from mild to moderate hypoAF.

![Patients with STGD exhibiting an area of bright macular CC (groups 2 and 3). Patients **A--D** presented with an area of bright macular yet intact CC on OCTA corresponding to the area of macular atrophy observed in SW-AF imaging. Despite the overlying RPE atrophy, the CC appear intact (group 2). Patients **E--H** also presented with an area of bright macular CC, but in these patients, there is obvious vascular rarefaction and CC atrophy (*red arrows*) (group 3). The CC changes observed in both groups of patients correspond to the overlying RPE atrophy, although damage in group 3 patients is more advanced.](iovs-61-4-13-f002){#fig2}

Finally, 26 patients (47%) comprised group 4 and presented with areas of demarcated CC atrophy ([Fig. 3](#fig3){ref-type="fig"}). In these patients, the underlying larger choroidal vessels were visualized owing to the disappearance of the overlying CC. In SW-AF images, these areas appeared as severe, dense, well-demarcated, hypoAF areas that suggest extensive RPE atrophy. On SD-OCT images, increased signal transmission into the choroid was observed in these areas along with the loss of the outer retinal layers and subsequent collapse of the inner retinal layers. On fundoscopy, the underlying white sclera was visible in these areas of RPE and CC atrophy.

![Patients with STGD with extensive CC atrophy in areas of retinal atrophy (group 4). Patients **A--C** presented with extensive atrophy of the CC, with visualization of the underlying larger choroidal vessels. These areas of atrophy corresponded to areas of extensive RPE loss on SW-AF imaging, as suggested by the dense areas of hypoAF. Furthermore, the underlying *white* sclera was visible on fundoscopy on these areas.](iovs-61-4-13-f003){#fig3}

Because the areas of RPE and CC atrophy were well demarcated for this last group of 26 patients (52 eyes), we analyzed quantitatively the size of the impairments in both imaging modalities and compared them ([Fig. 4](#fig4){ref-type="fig"}). We observed that size of the areas of RPE atrophy, 8.2 ± 1.5 mm^2^ (mean ± SE), was larger than those of CC atrophy, 5.9 ± 1.2 mm^2^ (*P* \< 0.001). This was observed for all 26 patients. From this subgroup, both SW-AF and OCTA were acquired at two separate clinic visits for 12 patients (24 eyes) and we calculated the rate of progression for RPE and CC atrophy. The average follow-up time between the two visits was 1.2 ± 0.8 years. We observed that the area of RPE atrophy increased in size at a faster rate, 1.1 ± 0.2 mm^2^/year, as compared with the area of CC impairment, 0.8 ± 0.2 mm^2^/year (*P* = 0.005). These results are summarized in the [Table](#tbl1){ref-type="table"}.

![Progressive atrophy detected in SW-AF and OCTA imaging of patients with STGD. SW-AF (**A**, **C**) and OCTA (**B**, **D**) of a patient with three clinical visits each 1 year apart. As observed on SW-AF, the area of hypoAF increases in size between the visits, suggesting progressive atrophy of the RPE. Similarly, progression of CC atrophy is observed on OCTA imaging as indicated by the increased area of atrophy and greater visualization of the underlying choroidal vessels. The last panel shows the areas of atrophy being outlined to analyze and compare the size of RPE versus CC atrophy quantitatively. OS, oculus sinister; OD, oculus dextrus.](iovs-61-4-13-f004){#fig4}

###### 

Comparison of the Size of RPE and CC Atrophy as Measured with SW-AF and OCTA Imaging in Patients with a Single Visit, and the Progression Rate of These Areas of Atrophy in Patients with Two Visits

           Single Visit     Two Visits                                             
  ------- -------------- ----------------- ---------- ---- ----------- ----------- -------
  SW-AF         52        8.2 ± 1.5 mm^2^   \< 0.001   24   1.2 ± 0.8   1.1 ± 0.2   0.005
  OCTA                    5.9 ± 1.2 mm^2^                               0.8 ± 0.2  

Data are summarized as mean ± SE for the size of atrophy and progression rates, whereas mean ± SD is used for the follow-up times. *N*, number of eyes analyzed.

Calculated using a paired Student\'s *t*-test.

Discussion {#sec4}
==========

Previous studies reported blood flow abnormalities in retinal dystrophies by using a variety of imaging modalities, such as magnetic resonance imaging.[@bib21]^--^[@bib24] Currently, OCTA has become the primary modality to analyze the retinal and choroidal vasculature in a variety of retinal dystrophies, including retinitis pigmentosa, choroideremia, and STGD.[@bib5]^,^[@bib11]^--^[@bib15]^,^[@bib25] In STGD, studies by Mastropasqua et al.[@bib12] and Battaglia Parodi et al.[@bib13] reported vascular impairments at the levels of the superficial capillary, deep capillary plexus, and CC. Furthermore, Alabduljalil et al.[@bib5] reported a strong correlation between the area of RPE atrophy on SW-AF imaging and loss of the inner and outer segment junction on SD-OCT, concluding that photoreceptor degeneration precedes RPE atrophy. A smaller study by de Carlo et al.[@bib14] examined seven patients with retinal dystrophies, including four with STGD, and concluded that because CC changes were smaller than the corresponding RPE alterations, vascular loss is a secondary process. Despite the insights offered by these studies, we were further interested in exploring the progression of CC and RPE atrophy in a large cohort of genetically confirmed STGD.

Analyses of the OCTA images from our patient cohort revealed four different phenotypes of CC. In addition to normal CC (group 1 patients), we observed two phenotypes with bright macular CC, suggesting apparent increased blood flow: one with homogeneous CC (group 2 patients), and another with vascular rarefaction and incomplete CC atrophy (group 3 patients). Nevertheless, as suggested in a previous study, our view is that the CC brightness is not owing to an increase in blood flow but is rather an artifact because of the disappearance of the overlying RPE because as it atrophies more signal is received in that area as compared with the regions with the intact overlying RPE.[@bib12] All the patients with bright macular CC have corresponding RPE atrophy as indicated by SW-AF images ([Fig. 2](#fig2){ref-type="fig"}). We also observed that around the perimeter of the lesion, there is a dark halo that extends outward in a nonspecific manner ([Fig. 5](#fig5){ref-type="fig"}). We believe that this halo is a shadow cast by lipofuscin accumulation in the RPE overlying the CC, in a similar yet opposite manner as to how the CC appear bright when the overlying RPE atrophies. This is further supported by analyzing the SW-AF images of patients with hyper-AF flecks, as these seem to cast dark spots on the underlying CC ([Fig. 5](#fig5){ref-type="fig"}). Thus OCTA imaging not only plays a role in demonstrating CC atrophy, but also in indirectly showing the accumulation of lipofuscin in the overlying RPE. The pathophysiology of STGD involves defective transport of all-trans-retinal, leading to the accentuated production of bisretinoids, which are photoreactive and toxic to the RPE and photoreceptor cells and cause their eventual death.[@bib6]^,^[@bib10]^,^[@bib26]^,^[@bib27] The last observed phenotype demonstrated extensive RPE and CC atrophy, often with the larger choroidal vessels visible (patients in group 4).

![Accumulation of lipofuscin in the overlying RPE creates a shadow on the underlying CC. In patients **A--F**, SW-AF reveals variable degrees of macular RPE atrophy, with the lesion appearing bright on the underlying CC as observed on OCTA imaging. This apparent brightness of the lesion is likely created as more signal is received on this area owing to the atrophy of the overlying RPE. In addition, an apparent dark halo is appreciated on the perimeter surrounding the bright lesion on the CC. This shadow is likely created due to signal blockage from the lipofuscin that has accumulated on the overlying RPE, as appreciated from the hyperAF ring surrounding the macular atrophy on SW-AF imaging. The blockage of signal by RPE lipofuscin is further supported by analyzing the hyperAF flecks in patients **D--F**, as these flecks create a dark spot on the CC images (indicated by the matching color arrows on SW-AF and OCTA imaging).](iovs-61-4-13-f005){#fig5}

We believe that these phenotypes are snapshots of the disease continuum and represent different stages of STGD-associated CC impairment, with the rate of atrophy determined by the patient\'s genotype. The disease course involves a progressive atrophy of the RPE. As the overlying RPE atrophies, the underlying CC appear brighter than the rest of the CC, with progressive impairment leading to vascular rarefaction and incomplete CC atrophy. Finally, the process ends with extensive atrophy of the CC in which the larger choroidal vessels become visible. The disappearance of CC and increase in the area of CC atrophy are evident in the imaging of the patients with multiple clinic visits ([Fig. 4](#fig4){ref-type="fig"}). Furthermore, analyses of the patients' genotypes revealed that 24 patients (44%) presented with the G1961E variant (one patient was homozygous, the rest were compound heterozygotes). When we segregate by groups, group 1 contained the highest proportion of patients with a G1961E allele (75%), whereas groups 2 through 4 contained 45%, 40%, and 31%, respectively. Given that patients in group 1 presented with no changes on OCTA and mild changes in SW-AF imaging, our genotype analysis suggests that the G1961E allele is associated with milder disease severity, which has been previously reported by other studies from our group.[@bib28]^--^[@bib30] Future studies of larger patient cohorts should further characterize the relationship between vasculature changes in OCTA and a patient\'s genotype.

Similar to the aforementioned studies, our results suggest that CC atrophy is secondary to RPE impairments in STGD. Given the well-demarcated areas on patients with extensive RPE and CC atrophy, we were able to measure the size of the impairment and compare it to each other. With this quantitative analysis, we observed that the area of RPE atrophy is larger than that of CC atrophy (9.6 vs. 6.9 mm^2^, *P* \< 0.001), whereas we also observed that the area of RPE atrophy progresses at a faster rate than that of CC atrophy (1.1 vs. 0.8 mm^2^/year, *P* = 0.005). In addition, we observed a group of eight patients with early changes in SW-AF but healthy CC, further supporting our claim that RPE damage occurs before CC impairment. The RPE plays a critical role in the support of the CC by generating vascular endothelial growth factor, a cytokine important for the development and maintenance of the CC.[@bib31]^,^[@bib32] We believe that as the RPE atrophies, the disappearance of the CC follows as a downstream effect.

We use SW-AF imaging to discuss progressive RPE atrophy in STGD in relation to CC as shown by OCTA. Another commonly used imaging modality used to study the state of RPE is near-infrared autofluorescence (NIR-AF) imaging (787 nm excitation), in which the signal comes from melanin in the RPE with a smaller contribution from the choroid.[@bib33] Previous studies from our group have demonstrated that SW-AF underestimates the area of RPE atrophy in STGD.[@bib10]^,^[@bib34] Thus although we show that RPE atrophy is more extensive than CC atrophy, the degree of RPE atrophy might actually be more expansive if NIR-AF would have been used. The relationship between NIR-AF and OCTA imaging should be further explored.

Our study presents with some limitations. One is that patients with advanced disease could not be studied, as high-quality imaging is precluded by a lack of fixation. Furthermore, in our measurements of CC atrophy from the OCTA images, we did not correct for ocular magnification by accounting for axial length, as this measurement was not obtained during clinic visits.[@bib35]^--^[@bib37] This correction is important in young patients during eye growth. Nevertheless, of the 26 patients from whom we acquired measurements, only 3 (11%) were younger than age 20. Furthermore, because eye growth is associated with an increase in the absolute μm per pixel in the image scale, our measurements of CC lesion size are underestimated. This would suggest that the difference between CC and RPE atrophy is actually larger than what we report, and further supports our conclusion that CC impairment is secondary to RPE atrophy.

Conclusions {#sec5}
===========

Our study shows that there is progressive impairment of the CC and eventual atrophy. Thus to avoid the added obstacle of impaired vasculature, therapeutic approaches that act on the RPE and/or photoreceptors should intervene at a stage in which there is minimal or no damage to the CC. We hope that our study brings awareness to the use of OCTA in identifying different stages of CC impairment in STGD, and further advocates the use of OCTA in monitoring the progression of STGD.
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